Here we investigate the possible involvement of the sympathetic nervous system in the respiratory properties of intermyofibrillar and subsarcolemmal mitochondrial populations from heart and gastrocnemius muscles. Mitochondrial oxidative phosphorylation was assessed polarographically by using succinate (plus rotenone), and ascorbate plus N,N,N' ,N'-tetramethyl-p-phenyl-enediamine (plus antimycin) as respiratory substrates. We report that chronic chemical sympathectomy with guanethidine (150 mg/kg, daily for 3 weeks) induced a marked decrease in whole body metabolic and heart rates, in plasma metabolites (fatty acids and glucose) and norepinephrine levels. Guanethidine treatment decreased mainly the oxidative phosphorylation capacity of subsarcolemmal mitochondria in heart, irrespective of the substrate used. In contrast, both mitochondrial populations were affected by the treatment in skeletal muscle. This suggests that sympathetic nervous system activity can alter the energetic status of muscle cells, and to some extent play a thermogenic role in birds.
Introduction
In cold environments, endothermic species have to produce more heat by sustaining active metabolism. In mammals, the sympathetic nervous system is the main controller of facultative heat production by activating brown adipose tissue. For birds, in the absence of brown fat, glucagon is the main thermogenic and lipolytic hormone involved in facultative thermogenesis (Duchamp et al. 1999) . Nevertheless, studies have previously reported some calorigenic effects of catecholamines in birds, both in vivo (Barré and Rouanet 1983; Marmonier et al. 1997) and in vitro Marmonier et al. 1997) . Interestingly, the thermogenic response of skeletal muscle to norepinephrine in vitro was found to increase in cold-acclimated and glucagon-treated ducklings (Marmonier et al. 1997) , two experimental treatments enhancing regulatory thermogenesis in birds (Duchamp et al. 1999) . In turn, guanethidine-induced chemical sympathectomy decreased the thermogenic effect of glucagon in ducklings (Filali-Zegzouti et al. 2005) . Thus the stimulation of sympathetic nerve activity and hence the rise in norepinephrine concentrations in tissues might play a role in the modulation of regulatory thermogenesis in birds.
However, the thermogenic mechanisms of catecholamine remain unclear. Vascular control of tissue oxygen consumption may be one mechanism by which catecholamine could control thermogenesis in endotherms Marmonier et al. 1997) . A second mechanism would involve direct or indirect action upon mitochondrial activity (Tapbergenov 1982) . Indeed, a core requirement of the two fundamental thermogenic mechanisms, i.e. increased cellular ATP utilization and/or reduced ATP production efficiency, is mitochondrial oxidative phosphorylation activity, as mitochondria are the main sites of ATP production within cells. In this respect, alterations in mitochondrial functions by catecholamines in vivo have been previously reported in rats treated with either reserpine, a drug known to deplete catecholamine stores (Shukla et al. 2000) or propranolol (Katyare and Rajan 1991; Katyare 1994) . In birds, it remains unclear whether in vivo, the activity of mitochondrial oxidative phosphorylation could be regulated by the sympathetic nervous system.
Chronic oral administration of guanethidine in ducklings has been reported to produce an efficient sympathectomy (Filali-Zegzouti et al. 2005) , as previously shown in rats following intraperitoneal or subcutaneous infusion (Romanyshyn and Clarke 1976; Picklo 1997; Villanueva et al. 2003) . By using guanethidine, we aimed to investigate the possibility that the sympathetic nervous system might modulate mitochondrial respiratory properties of heart and skeletal muscles in ducklings. We also measured concomitant changes in whole-body metabolic activity as well as in blood levels of catecholamines, glucose and free fatty acids.
Materials and Methods

Guanethidine treatment
Male Muscovy ducklings (Cairina moschata, pedigree R 31, INRA, France) were obtained from a commercial stockbreeder (Ets Grimaud, France). Ducklings were fed ad libitum with a commercial mash (Sanders, France) and had free access to water. The birds were cared for under the French Code of Practice for the Care and Use of Animals for Scientific Purposes and the experimental protocol was approved by the French Ministry of Agriculture Ethics Committee (Animals). Between the ages of 1 week and 6 weeks, ducklings were caged in groups of 8 at 25°C in a constant photoperiod (8:16 light:dark). From the age of 2 weeks, ducklings were treated with guanethidine (Ismeline+, CIBA France; 150 mg/kg per-os) daily at 8 a.m. for 3 weeks (n = 6), as described previously (Filali-Zegzouti et al. 2005) . The control group (n = 8) received saline (NaCl 0.9%, per-os) daily at 8 a.m.
Metabolic and heart rates measurements
Metabolic rate was measured in vivo by indirect calorimetry using an open-circuit, as described previously (Barré et al. 1987) . The rates of O 2 and CO 2 production were calculated according to the equation of Depocas and Hart (1957) . Electrocardiograms (ECGs) were obtained using two subcutaneous electrodes (Stabilohmo 110, nichrom, 0.12 mm diam, Johnson Mattey Metals, UK) in the pectoral muscle. To obtain metabolic steady-state and thermal equilibrium, the control or guanethidine ducklings were left sitting in the dark in a thermostatic chamber at thermoneutrality (25°C) for an initial 120 min adjustment period before the experiment started. The experiments were performed during the day time (between 8 a.m. and 7 p.m.) on ducklings fasted for 14 h.
Blood sampling protocol and biochemical assay
For blood sampling, catheters were chronically implanted. All surgical preparations were performed under anaesthesia with halothane (2.5% in air) the week before the investigations. A polyethylene catheter (0.96-0.58 mm, Biotrol) was fitted with a silastic tip of about 1 cm, and subsequently inserted into the right carotid for blood sampling. A length of 10 cm tubing terminating near the right brachial artery was held in place with a silk ligature. The catheter was flushed with heparinized saline twice a day to prevent clotting. In order to minimize the stress of surgery, endogenous plasma levels were measured 2 days after catheter implantation. On the day of the experiment, the catheter was extended outside the chamber to avoid unspecific stress during blood sampling. Blood samples (0.5 ml) were collected in polyethylene vials containing heparin (5 μl) and immediately centrifuged at 1,000 × g for 5 min (4°C). The supernatants were stored at -80°C prior to biochemical analysis. Endogenous plasma norepinephrine, epinephrine and dopamine were assayed simultaneously by high-performance liquid chromatography coupled with electrochemical detection (Sagnol et al. 1990 ). Plasma glucose and glycerol were determined enzymatically using reagents from Boehringer Mannheim (Germany). Plasma free fatty acids and glucose were measured enzymatically using a kit from Biolyon (France).
Mitochondrial isolation and activity
Gastrocnemius and heart muscles were rapidly dissected, weighed, placed into ice-cold isolation buffer and homogenized with a Potter-Elvehjem homogenizer. Intermyofibrillar (IFM) and subsarcolemmal (SSM) mitochondria were isolated from gastrocnemius and heart muscles in a buffer containing 100 mM sucrose, 50 mM KCl, 5 mM EGTA and 50 mM Tris/HCl, pH 7.4 at 4°C as described previously (Roussel et al. 1998) .
The rates of oxygen consumption were measured with a Clark oxygen electrode in a glass cell of 1.5 ml volume with constant stirring, as described previously (Roussel et al. 1998 (Roussel et al. , 2000 . Respiratory substrates were succinate (10 mM) in the presence of 5 µM rotenone, or 8 mM ascorbate plus 0.6 mM N, N, N', in the presence of 5 µM antimycin . The method of Estabrook (1967) was used for the calculation of respiratory states 4 and 3 and the respiratory control ratio (RCR). The ADPto-O ratio was calculated by measuring the total oxygen consumed during the phosphorylation of a pulse of 100 µM ADP (Estabrook 1967) . The efficiency of the mitochondrial oxidative phosphorylation process was assessed by the following parameters: (1) the ADP-to-O ratio; (2) the RCR, the ratio of oxygen consumed in the presence of ADP to that after phosphorylation of ADP; (3) the oxidative phosphorylation rate (OPR), calculated as the product of the ADP-to-O ratio and the oxygen consumed during state 3 respiration and expressed in nmol of ATP produced during state 3 per min per mg of mitochondrial protein (Edoute et al. 1979) .
Data presentation and statistical analysis
Data are reported as means ± S.E.M. The effect of guanethidine treatment (guanethidine versus control ducklings) was analysed using two-way analysis of variance with post-hoc comparisons performed with the Scheffe F tests. The level of significance was set at p < 0.05.
Results
Body weight and organ mass
The present data show that the body mass of guanethidine ducklings was significantly lower than control birds (p < 0.05). Three weeks of chronic guanethidine treatment induced a significant decrease in gastrocnemius muscle (-44%, p < 0.001), heart (-48%, p < 0.01) and liver (-42%, p < 0.01) mass (Table 1) .
Metabolic and heart rate, body temperature and plasma metabolites
Resting metabolic rate (-20%, p < 0.01) and heart rate (-10%, p < 0.05) were lower in guanethidine compared to control ducklings. In contrast, guanethidine treatment failed to alter body temperature in these ducklings (Table 2) . Furthermore, plasma concentrations of glycerol were not altered by chronic guanethidine treatment, whereas glucose (-29%, p < 0.05) and free fatty acids (-26%, p < 0.05) levels were significantly lower in guanethidine than in control ducklings (Table 2) .
Plasma catecholamines
Chronic guanethidine treatment produced a considerable decrease in the plasma concentration of norepinephrine in guanethidine compared with control ducklings (-26%, p < 0.05), whereas a slight but not statistically significant 20% decrease was noted in the plasma level of epinephrine in guanethidine ducklings ( Table 2 ). The plasma concentration of dopamine was not different between groups (Table 2) . Table 3 reports the respiratory parameters of intermyofibrillar and subsarcolemmal mitochondria isolated from the gastrocnemius and heart muscles of control and guanethidine-treated ducklings. In skeletal muscle, guanethidine treatment decreased the oxidative phosphorylation rates (state 3 respiration and OPR values) in IFM respiring on ascorbate/TMPD (-26%, p < 0.05) or succinate (-15%, p = 0.06). The basal non-phosphorylating respiration rates (state 4) had also decreased in IFM respiring on ascorbate/ TMPD (-27%, p < 0.05) or succinate (-30%, p = 0.05). There was no guanethidine effect on the ADP-to-O ratio in skeletal muscle IFM populations, whatever the respiratory substrate used. Guanethidine treatment also elicited a significant decrease in phosphorylation activity (OPR values) in skeletal muscle SSM with succinate, an effect which was due to a tendency of state 3 respiration and oxidative phosphorylation efficiency to decrease. In heart muscle, guanethidine treatment decreased both respiratory (states 3 and 4) and phosphorylation (OPR values) activities in SSM respiring on succinate or ascorbate/TMPD (Table 3) . In contrast, there were no significant effects of treatment on respiratory parameters in heart IFM with either succinate or ascorbate/TMPD (Table 3) .
Mitochondrial oxidative phosphorylation
Discussion
In control ducklings, concentrations of arterial plasma norepinephrine, epinephrine and dopamine were comparable to those previously reported for domestic ducks (Wilson Table 1 . Body weight and organ masses in control and guanethidine-treated ducklings
Control Guanethidine
Body weight (g) Gastrocnemius muscle (g) Heart (g) Liver (g) 1190 ± 71 20.3 ± 1.1 6.7 ± 0.6 39.6 ± 2.9 907 ± 67* 11.4 ± 1.0*** 3.5 ± 0.5** 22.8 ± 2.4** Values are means ± S.E.M. from 5-8 animals. * p < 0.05; ** p < 0.01; *** p < 0.001 significantly different from control ducklings. Abdelmelek et al. 2001) . In ducklings, treatment of guanethidine for three weeks did not induce significant changes in plasma dopamine and epinephrine levels. In contrast, plasma levels of norepinephrine were markedly reduced in guanethidine birds. In terms of the source of circulating catecholamines in birds, Rome and Bell (1983) have shown that norepinephrine alone constitutes the predominant sympathetic neurotransmitter in fowl. In rats, Villanueva et al. (2003) have shown that chemical sympathectomy with guanethidine selectively blocks the release of norepinephrine from the postganglionic nerve terminals, leading to a decrease in norepinephrine concentrations in several tissues, including skeletal muscles (Navegantes et al. 1999; Villanueva et al. 2003) . Similarly, chronic guanethidine treatment leads to a fifty percent drop in norepinephrine concentrations in the heart and skeletal muscles of ducklings (Filali-Zegzouti et al. 2000) . Although the molecular and cellular mechanisms for this drop in plasma and tissues levels remain unclear, our data confirm that the oral administration of guanethidine in ducklings results in an effective sympathectomy (Filali-Zegzouti et al. 2000) .
Chronic guanethidine treatment is known to cause the inhibition of oxidative phosphorylation in sympathetic neurons in vivo (Johnson and Manning 1984) or in mitochondria isolated from heart, brain or liver in vitro (Malmquist and Oates 1968; Ferreira et al. 1985) . Here, we report that three weeks of guanethidine treatment in vivo altered the oxidative phosphorylation activities of mitochondria isolated from skeletal muscle or heart. We also found that both mitochondrial populations from skeletal muscle were affected by guanethidine-induced sympathectomy, while only subsarcolemmal mitochondria were strongly altered by the treatment in heart muscle. The larger reduction in muscle oxidative phosphorylation activity with ascorbate/TMPD as compared with succinate suggests that cytochrome-c oxidase might be the main component of the respiratory chain affected by this guanethidine-induced adrenergic blockade. Interestingly, it has been shown that cytochromec oxidase activity, as well as cytochrome c content, are the first elements of the electron transport chain to be affected during the adjustment of muscle metabolism in response to either endurance training or chronic unloading (Essig 1996; Roussel et al. 2000; Singh and Hood 2010) . These results are of interest because they suggest that the lower guanethidineinduced mitochondrial oxidative phosphorylation capacity would be due to decreased muscle metabolism. Furthermore, the regional differences in mitochondrial adaptation could be caused by localized biochemical and functional differences in energy-consuming mechanisms, namely muscle contraction for IFM and the active transport of metabolites or calcium through the sarcolemma for SSM (Müller 1976; Roussel et al. 2000) . In the present study, the overall metabolic activ- 147 ± 1* 120 ± 2* 0.65 ± 0.02 96 ± 3* Mitochondria were isolated from gastrocnemius and heart muscles as described in the "Materials and Methods" section. Respiration rates were determined with succinate (in the presence of rotenone) or ascorbate/TMPD (in the presence of antimycin) as respiratory substrates. Values are means ± S.E.M. for 4-8 animals excepted guanethidine heart mitochondria respiring on ascorbate/TMPD where n = 2. Respiration rates (State 3 and State 4) are expressed in nmol of oxygen/min per mg of protein. OPR, oxidative phosphorylation rate (nmol ATP/min per mg of protein). * p < 0.05, significantly different from control within the same mitochondrial population.
† p < 0.05, significantly different from intermyofibrillar mitochondria within the same experimental groups. n.d., not determined. ity of a functioning heart was significantly decreased following three weeks of guanethidine treatment. Therefore, the specific down-regulation of metabolic activity in SSM suggests that guanethidine-induced sympathectomy would mainly decrease energy demanding processes that operate through or just beneath the cardiac muscle sarcolemma. In turn, IFM remained unaffected in beating hearts due to the maintenance of regular contractile activity.
The fact that both mitochondrial populations were affected in skeletal muscle might suggest that both metabolic and contractile activities decreased in guanethidine-treated ducklings. This hypothesis is supported by some results suggesting that interactions between the vascular and metabolic actions of catecholamines stimulate skeletal muscle oxygen consumption in birds Marmonier et al. 1997; Joubert et al. 2010 Joubert et al. , 2011 . Nevertheless, β 2 -adrenergic agents have also been described as increasing skeletal muscle mass in birds and many other species, by altering protein turnover (Morgan et al. 1989; Ji and Orcutt 1991; Navegantes et al. 1999) . For instance, a guanethidine-induced adrenergic blockade over a few days decreased protein synthesis and transiently increased proteolysis in the skeletal muscle of rats (Navegantes et al. 1999 (Navegantes et al. , 2003 (Navegantes et al. , 2004 . By lowering net protein synthesis in skeletal muscle, such changes in protein metabolism could explain the muscle atrophy elicited by three weeks of guanethidine treatment in ducklings, but also the down-regulation of oxidative phosphorylation capacity in both mitochondrial populations. It is interesting to note that such alterations in muscle mass and mitochondrial activity resemble those reported in animal models of mechanical unloading, in which skeletal muscle inactivity induced a decrease in net protein synthesis in association with muscle atrophy and a lower mitochondrial oxidative activity (Momken et al. 2011) . These data reinforce the idea that guanethidine treatment could decrease the contractile activity of skeletal muscle in ducklings. Overall and contrary to the in vitro studies (Malmquist and Oates 1968; Ferreira et al. 1985) , the present variations in muscle mitochondrial activities would be caused more by mitochondrial adjustment to a chemical sympathectomy-induced chronic decrease in the basal activity of organs rather than being a direct effect of guanethidine upon mitochondria, in agreement with results reported in reserpine-treated rats (Shukla et al. 2000) . Although the molecular signalling pathway involved in the observed effects of chemical sympathectomy upon muscle mitochondrial activities remains to be investigated, the proposed hypothesis deserves further study.
In this study, the chronic guanethidine treatment induced a decrease in the plasma levels of metabolites. Since skeletal muscle is the main thermogenic organ in cold-acclimated or in glucagon-treated ducklings (Duchamp and Barré 1993; Duchamp et al. 1999 ), the present decrease in mitochondrial muscle activity, in association with a decrease in the plasma levels of glucose and fatty acids, may in part explain why guanethidine-treated ducklings exhibit a lower thermogenic response to glucagon infusion (Filali-Zegzouti et al. 2005) . As previously reported in rat (Ernst et al. 1982) , it can be inferred from these data (e.g. decreases in heart rate, skeletal muscle respiratory capacity and circulating metabolites) that guanethidine-induced sympathectomy might reduce the maximal aerobic capacity (VO2max) of ducklings. This would in turn impact the amount of energy that ducklings can allocate to thermogenic processes. Altogether these data suggest that the sympathetic nervous system (norepinephrine) may modulate facultative thermogenesis in birds. This idea is also in line with recently published data suggesting that the beta-adrenergic system would be involved in regulating the expression of avian uncoupling protein (Joubert et al. 2010 (Joubert et al. , 2011 , a mitochondrial protein that has been linked to the intensity of regulatory thermogenesis in cold-acclimated ducklings (Teulier et al. 2010) . Whether guanethidine-treated ducklings displayed a lower expression of avian UCP is currently not known but deserves further study. In conclusion, the present study reports that long-term guanethidine treatment decreases tissue mass, circulating energy substrates and mitochondrial muscle oxidative phosphorylation activities. These alterations would explain, at least in part, the reduced resting metabolic rate and glucagon-induced regulatory thermogenesis reported in sympathectomized ducklings.
